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CONSTRAINTS ON TRANSPORTABLE ION BEAM POWER

1. INTRODUCTION

The development of terawatt-level ion beams has generated a great deal of
interest in using light-ion beams to drive thermonuclear pel]ets.l‘9 Target
design studies for light-ion beams indicate that ~ 4 MJ of ions must be
delivered in ~10 ns to an ~1 cm diameter pellet in order to achieve high
gain thermonuclear ignition.10 Since present technology cannot provide a
single-module pulsed-power system from which 4 MJ of ions can be extracted, a
multimodule system is required. In addition, a transport scheme and a method
for beam pulse compression are needed, since typical pulse durations are on
the order of ~50 ns.

One possible transport scheme involves the use of a z-discharge channel

for transporting ion beams.11

Focusing can be achieved by a combination of
geometric and magnetic-fier focusing prior to injection into the
channel.12,13 Beam-pulse compression results from ramping the diode voltage
so that the tail of the beam catches up to the head of the beam. 1314 1q
addition, a final focusing cell can be used at the exit of the transport
system to radially compress the beam to pellet size, 15 Figure 1 illustrates
one wodule of such a multimodule system.

Assuming that the z-discharge channel is itself produced in the MHD
stable configuration, the question of the effects that the passage of the beam
will have on the equilibrium and stability of the beam-plasma system is an
important one. The MHD response of the plasma has been treated elsewherel®
and will only be briefly reviewed here. Analyses of stable beam propagation

in straight and tapered channels, as well as in bumpy channels (subject to

sausage instability), have also been done previously.17 This work shows that,

Manuscript approved September 20, 1982,
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in the absence of microinstabilities driven by the beam, good beam transport

and bunching is possible under the conditions set by MHD considerations (which

will be outlined in Sec. 3).18 However, in the presence of

microinstabilities, beam transport and bunching can be seriously affected.
Transport constraints arising from electrostatic (ES) and electromagnetic

(EM) velocity-space instabi]ities,19’23

which can grow on a time scale much
faster than the beam pulse duration, will be reviewed in this report. The
problem will be considered with the goal of identifying an operational window
for good transport and bunching. The results will be presented in a general
form so that they may be applied to beams of various low atomic number species

propagating in channel plasmas of different compositions.

2. STABILITY CONSTRAINTS

In order to provide stable transport for the beam, certain constraints
are put on the transport system. The two-stream instability will rapidly
generate electrostatic microturbulence uniess growth of the mode is
pr‘event:ed.lg’m’22 Such turbulence will degrade beam quality and
confinement. By maintaining the plasma electron temperature below the

critical temperature,

i P Ag .3 75 *21 1/3 W, 4/3
(ev) = 107°| 22 B €1 -2 . (1)
e Z4 2 vb

b b

the two-stream mode will remain collisionally stabilized. In Eq. (1) A, is

the atomic weight of the beam ion, N, and n, are the beam and plasma ion

p
densities measured in particles/cm3, 1, and Zp are the beam and plasma ion
charge states, Vp s the beam velocity, AVz in the axial velocity spread of

the beam and Aei is the Coulomb logarithm, In general, the most severe

L.
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constraint on T, exists at the tail of the beam (after the front of the beam
has heated the channel) prior to beam bunching (at the beginning of the
transport channel). Note that by increasing Nps T: can be raised. Operating
at twice the density required for minimum beam energy loss during transport,
increases T: by a factor of two but only increases the beam energy loss by
253, 16

One can estimate the final temperature from the rate of collisional beam

deposition in the channel plasma by using16

f
T (eV) = T+ 6.9x10° 4« /T, (2)

so that the ES stability constraint is given by

T <1 . (3)

Here T, is the initial electron temperature measured in eV,.Jb is the beam
current density measured in MA/cmZ. Ty is the pulse duration of the beanm
measured in seconds and ¥ is the average beam energy measured in MeV, In
deriving Eq. (2) it is assumed that Te~Ti since this is the usual case; this
also precludes the existence of ion acoustic instability. In plotting
constraint curves one-to-two times the density required for minimum beam
energy loss is used to calculate no and a 10% spread in beam energy is assumed
so that AVZ/Vb = 0.05 in Eq. (1). T, was chosen to be ~10 eV in Eq. (2). 1t

will also be assumed in all the stability constraints considerations that

~ R T TN T




p=1 and Ap=2. If

the beam is monoenergetic, AVZ/Vb~ eﬁ for the ES stability constraint.

deuterium gas is used to fill the transport system so that Z

Here em js the maximum angle of injection into the transport channel.
However, foil scattering and field fluctuations are expected to produce a
spread in beam ion energies of about 10% and this spread will be used in the
ES stability constraint curves. Energy spreads larger than about 15% at
injection into the channel may adversely affect beam bunching,

Growth of electromagnetic waves can be held to a tolerable level by
allowing for a reasonable spread in beam perpendicular energy and limiting the
beam current density.zo‘23 If the beam is too cold, beam filamentation can

occur during transport. The condition for good beam transport is

AR

2
v nT
2 -18 ei' b'b
9 ~—g;> 3.2x10 'p_T_IT[' , (4)
" vb AbTeTo

where v¢ is a measure of azimuthal velocity spread in the beam and Tg and T,

are defined in Eq.(2). Here it is assumed that the azimuthal velocity spread
is comparable with the radial velocity spread (i.e., em~v¢/vb), which is
consistent with experimental observations. Note that high electron
temperatures are beneficial here, whereas T: < Tg is required for two-stream
stability.

If the beam does not filament but the beam current density is too high,
the return current in the channel can cause channel filamentation, In order

to prevent this from occurring requires that?22
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where t is defined as the time it takes for the beam to heat the plasma

4,3 20
to Te(tl) = 1.4x10 (anpxie)

in the large square brackets on the right hand side of Eq. (5) is dropped.

in ev., If Te(t1)<T0, t1=0 and the first term

1f t1>rb the last term in the large square brackets is dropped. In the cases
considered in Sec. 4, the first term in the square brackets in Eq. (5) can be
ignored, since T, is found to be ~ 10 eV for deuterium discharges which is
typically greater than Te(tl) . For higher Z channel gases this may not be
the case.

Eqs. (3)-(5) are the stability constraints which limit the transportable
beam power. These constraints along with MHD and energy-loss considerations

will determine an operational window for good transport and bunching.

3. MHD AND ENERGY-LOSS CONSTRAINTS

The plasma return current driven in the channe! during beam transport
results in a radial JxB driven expansion of the channel p]asma.16 Typically,
thermal expansion is unimportant. In order to avoid excessive channel

expansion, the beam current is limited to

0 4,2
P ren/T Ien » (6)

Ib < 3x10

where Iy and I., are the beam and channel current in MA, p is the mass density

of the channel in g/cm3 and r.y is the channel radius in cm. Here it is
assumed that the beam radius rys is equal to Pche The uniform channel current

inside fch required to confine the beam can be expressed asl’

t, - 1.3 62 A2 Tz, (7)




where E is the beam particle energy in MeV. The strong dependence of I, on
rch makes large radius transport very attractive, however, a final focusing
scheme must then be employed to radially compress the beam to pellet size
after transport. A factor of three compression in radius seems easily
attainable in the final focusing cell and will be assumed for many of the
plots in Sec. 4.

The transport channel length is determined by bunching requirements and

is given byl8

L = 1.3x10% (1- %) (tp-7,) E(rb)l/Z/AI/Z, (8)

where E(rb) is the final ion energy produced at the end of the pulse, a is the
bunching factor and 1, is the transit time of the beam from the diode exit to
the bunching location. The transit time is also related to the diode voltage

ramp with
o(t) = 8(0)/(1-t/7)% (9)

where ¢(t) is the ideal diode voltage waveform. Here it will be assumed that
a factor of 5 bunching is acheived with a beam energy spread at the bunching

location of 50%, so that
L= 4x10” fI/Z/Abl/Z , (10)

where now L is written in terms of the average ion

energy, t = [E(0)+E(rb)]/2. With the assumption of a 50% energy spread at the
bunching location, one finds E(0) = 3E/4 and E(t,) = 5E/4.  This channel
length then determines the beam energy lost during transport. It is also
assumed that the focusing distance, F, is much shorter than L so that the

bunching length and channel length are approximately equal.
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The beam losses energy to the channel plasma by collisional slowing down
and deceleration in the self-consistent axial electric field generated in the
plasma. The electric field results from a resistive Jp/c component and an
inductive !pxg component with the latter typically larger. Assuming that the
electric field is predominately inductive, the optimum mass density for the

channel for minimum energy loss during transport is given by16’18

=l 2
Elbzrbzem

Popt = 0.167 r223 i (11)
b"b
For p=xp and deuterium as the fill gas in the channel, the fraction of beam

opt
energy lost during transport over the distance L (defined in Eq.(10)) is

expressed as

2 3\V
AZ T 1t \"2

i)g b™"b b (12)
r E

D

'§£ = 6.7x10'1 (x

Because Eq. (12) was derived for ions with the average energy, ions at the
head of the beam will lose slightly more energy and ions at the tail of the
beam will lose slightly less energy. Also, since 8E/E as a function of x has
a minimum at x=1, variations of x about x=1 will not change &E/F
dramatically. Operating at twice the optimum mass density, or at x=2, only
changes SE/F by 25% but considerably relieves the stability constraints as
will be observed in Sec. 4.

The MHD and energy-loss constraints are then given by Eqs. (6) and (12)

when combined with the stability constraints found in Sec. 2, the operational

window for good beam transport and bunching is defined.




4. OPERATIONAL TRANSPORT WINDOW

The operational window is defined by the constraints on the transport
system derived from ES stability conditions (Eq. (3)), beam and channel
filamentation considerations (Eqs. (4) and (5)), MHD considerations (Eq. (6))
and beam energy-loss limitations (Eq. (12)). A1l constraints are written in
terms of the average ion energy EE[E(0)+E(Tb)]/2. Constraints at the head of
the beam will be slightly more restrictive whi:le those at the tail of the beam
will be slightly more relaxed. For each of these five constraints, a
condition on the transportable beam power can be derived as a function of the
angular spread in the beam measured by em . For convenience, the conditions
will be expressed in terms of E0=E7A;Vé2b which is the energy of an
equivalent-range proton. In terms of E0 the beam power can be written
as P=IbAb1/2E0 where P is in TW, Iy is in MA and E; is in MeV. It will also be

assumed that the channel gas is deuterium. Otherwise, the simple estimate for

T: given in Eq. (2) must be replaced by a much more complicated expression
because of the more complex chemistry and radiation processes in higher atomic
number gases.

The conditions on the transportable beam power will be expressed as
functions of R/F where R/F= em when the beasn is focused a distance F
downstream from a diode of radius R.lz’18 The transport channel entrance is
positioned at the focus and the maximum injection angle into the channel is
R/F. This assumes that R/F is much larger than the angular divergence of the
beam at the source. If this is not the case, or if a small radius diode is
used with no focusing, then P should be plotted as a function of em, the
angular divergence of the beam at the channel entrance. In that case, the
horizonal axis in the plots should read em rather than R/F and R/F should be

replaced by O in Egs. (13)-(17).




Each of the five conditions on P(R/F) will depend only on the parameters

X Eo, Phs Tps Ab and Zb. In all that follows it is assumed

that Feh™ T2 P™XPgpt o=5, AE/F before bunching ~ 0.1, AE/E after

op
bunching ~0.5 and the pellet radius is ~0.5 cm. In deriving the constraints

due to filamentation considerations, it is assumed that Té(t]) < To< 10 eV so
that the first term in Eq. (5) can be dropped. The five conditions are then:

i} ES stability condition before bunching.

6 8, 13/2.4 ,12\1/7
xr A AR

P<PES = 1.6x10

where

1 1
10%R r, [En72x2\74
A:=24 - 1n biob
ej F

33
ZbP T

and 1.6x10~3 is replaced in Eq. (13) by 1x10~2 to obtain the ES stability
condition after bunching occurs in order to reflect the increased velocity
spread in the beam;

ii)beam filamentation condition

4 2 \1/8
-2 [ ei Eo
R/F > gy = 2.5x10 7 ’ (14)
where P only enters weakly through Aei H
iii) channel filamentation condition
5 2.4 4 14 2, 11,1/6
P < pep = (1.76x10%xRY/2,FY) (E24:20 1 VE, (15)

.......




iv) MHD channel expansion condition

-21.24.2,3
fl P < Pyyp = 15107 E /7 (16)

and

v) beam energy-loss condition

1.36x10'25rgE§F4
PP .= . (17)
SE (x+x'1)2 rgR4

where it is assumed that SE/E <0.25. In general, the beam ions are fully
stripped after passing through the cathode foil, which separates the diode
vacuum regime from the gas filled focusing region, and the foil between
focusing region and the transport channel.

In the plots that follow, the operational window is defined by the shaded
region with the boundaries of the window defined by Eqs. (13)-(17). The two
left boundaries are the beam and channel filamentation constraints (ii and
iii), the top boundary is the ES stability condition (i) and the right
boundary is the energy-loss limitation constraint (v)., The MHD-channel-
expansion condition (iv) is easily satisfied in all the cases that will be
considered and will not play a role in defining the operational windows. In
some cases, the channel-filamentation constraints (iii) will be severe enough
to dominate over the beam filamentation constraints (ii) or the ES stability
condition (i) or both so that the window has only three (e.g., Fig. 5) or two
(e.g., Fig. 6) boundaries rather than four.

For a given beam-energy spread and energy-loss limitation, the top and
right boundaries are hard boundaries whereas the beam and channel

filamentation constraints on the left boundary are somewhat fuzzy. The

10
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filamentation constraints are defived by assuming that less than one e-fold
occurs during beam transport but the initial perturbation level is unknown.
If the initial perturbation is small, then the filamentation constraints given
in Egs. (14) and (15) are too severe and the left boundaries can be moved
further to the left, Channel hydromotion and time variations in the beam
distribution function will also tend to relax the filamentation constraints.
The dashed line in the window is the ES stability constraint if the beam
were monoenergetic. A beam energy spread of 10%, as assumed in Eq. (13),
considerably increases the size of the operational window by moving the ES
stability constraint up to the top boundary.
The contours in the plots are lines of constant density. In each plot
for a given P and R/F the channel density is defined by np = xpopt/ZM where 2M

is the mass of a deuteron and Po is defined in Eq. (11). The upper set of

pt
numbers labeling the contours denotes the ion density of the plasma in units
of 1017 particles/cm3. The lower set of number in parenthesis is the
percentage of the beam energy which is lost during transport at the specified
plasma density. The required channel current (Eq. (7)) and the final electron
temperature (Eq. (2)) for a given P and R/F can also be determined from each
plot by referring to the scale either above or to the right of the plot. The
quantity I., is independent of P and Tef is independent of R/F.

In Figs. (2)-(5) the operational window is shown for H*!, p*1, H.,*Z and
c*6 respectively for E°=2 Mev, x=1, rb=0.5 cm and tb=5x10'85. The size of the
window increases with increasing atomic number. Table 1 shows that three of
the five constraints are relaxed by increasing A, while the other two are

unchanged. This results from the fact that less beam current is required to

transport the same beam power at the same EO as Ab is increased. Higher Ab

1"




allows transport of both higher bouer and lower R/F beams, so that the
transportable beam power brightness P/(R/F)Z, improves considerably.

By increasing x (i.e., the channel plasma density), the ES stability,
channel filamentation and channel expansion constraints are relaxed but the
beam energy-loss constraint is more severe. Because the beam energy-loss
constraint is being varied about a minimum, the change in this constraint is
not dramatic. This is shown in Fig. 6 which should be compared with Fig. 2.
The real benefit of increasing x is not realized unless ry and/or E, are
simultaneously increased in order to relax the energy-loss constraint. This
will be shown more clearly in Fig. 9.

In Fig. 7 the parameters are all the same as in Fig. 2 except that the
channel and beam radii are increased from 0.5 ¢cm to 1.5 cm. The ES stability
channel expansion and beam energy-loss constraints are all relaxed while the
filamentation constraints are unchanged. The operational window has increased
considerably in size with a maximum transportable power now on the order of S
TW at R/F of about 0.18 radians. This results from decreasing the beam power
density by spreading the beam over an area 9 times larger than in the case
considered in Fig. 2. In order to bring R/F to a Tower value and improve beam
brightness, x and/or E, must be increased at the same time as ry (see Fig. 9)
so that the channel filamentation constraint is reduced.

By increasing E, all the constraints are relaxed with the exception of
the beam filamentation constraint which becomes more severe. This is shown in
Fig. 8 where all the parameters are the same as Fig. 2 except that E, is
increased from 2 MeV to 4 MeV. The maximum transportable power in this case
is about 2.8 TW. The increased beam stiffness and lower beam current for a
given power level allows higher power transport, however, lower electron

temperatures allows the beam filamentation instability to grow at higher R/F

12
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values than in Fig. 2. This is a result of reduced stopping power of the
plasma for higher energy beams.

The combination of increased x, b and Eo, as evaluated in Fig. 9,
improves the transportable power considerably to a peak of about 40 TW at
about 0.14 radians for protons. These results should be compared with Fig.
2. At 25 TW the operational transport window has a width in R/F from 0.11 to
0.16 radians. Similar results for D*!, He+2 and C*0 are shown in Figs. 10-
12. Once the beam bunches down to a pulse duration of 10 ns, the operational
window opens even further as seen in Fig. 13. From Table 1 it can be seen
that the ES stability, channel expansion and beam energy-loss constraints all
are relaxed when T, is decreased. Only the channel filamentation constraint
is more severe due to the low plasma temperature attained during the shorter
pulse duration. Thus it is possible to transport the high power levels

obtained after beam bunching.

5. CONCLUSIONS

By transporting in large-radius channels and ramping the diode-voltage
waveforms to take advantage of time-of-flight bunching, high-power, light-ion
beams can be delivered to a target a few meters from the diode. The radius of
the channel is limited by the ability to compress the beam radially in a
short, final-focusing cell positioned at the end of the transport system.
Operating at a channel density which is slightly higher than popt and at an
ion energy which is close to the high end of the acceptable energy range
(defined by target designs) considerably increases the operational transport
window for a large radius beam. For My = 1.5 ¢m, x = 2 and 4 MeV protons, it
has been shown that a 40 TW beam can be transported with an angular divergence
of about 0.14 radians (see Fig. 9). For higher atomic weight beams, such

as D+, He+2 and C+6, even higher power levels can be successfully transported

13




(see Figs. 10-12). The availability of relatively pure source of higher
atomic weight ions is still in question. If lighter, faster moving impurities
are generated in sufficient quantities in a higher-atomic-weight ion beam,
damaging preheat of the pellet may occur.

Although a pulse compression of a = 5 was assumed, the actual power
multiplication will be less. Comparing the power after

T
bunching (o/ 1) J b P(t)dt, with the power at the average energy (E, as used
0

in Figs. 2-12), one finds a power multiplication of about 4.8. Thus, when
comparing the power level before bunching in Fig. 9 with the power level after
bunching in Fig. 13, a power multiplication of 4.8 should be used rather than
5. If the figures had been plotted at E(Tb), comparison of peak powers before
and after bunching would result in a power multiplication factor of only

3.1. In all of these calculations it is assumed that the 10 ns power pulse
after bunching is flat topped and that I~E at high diode voltages.

From Fig. 13 one finds that propagating a 100 TW, 10 ns beam is feasible
at R/F = 0.15 radians. This corresponds to about a 20 TW, 50 ns beam before
bunching which is easily within the operational window given in Fig. 2. In
order to deliver 4 MJ to a pellet in 10 ns, only 4 channels are required.
Thus, if time-of-flight bunching of the beam and final focusing can be
demonstrated, transport of beams at power levels sufficient to ignite a pellet

should be possible in less than 10 and possibly in as few as 4 channels,

14




il

e

S IIIIII AL IIIIIFY,

SISSSSSVS IS SIS s

...............

~5cm ) ~lcm
—¥-
R B
beam envelope pellet
A ' | [}
K ——L
~2cm— ~15cm ~200cm—-|-~5cm -~3cm
diode focusing transport final pellet
drift focus drift
Figure 1 - Schematic of one module of a multimodule light-ion ICF system.
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Figure 2 - Operational transport window for a H*1 beam 8
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Figure 4 - Operational transport window for a He+2 beam

Wwith x = 1, r, = 0.5 cm, E = 2 MeV and 1, = 5x1078 5.
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Figure 6 - Operational transport window for a H*1 beam
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Figure 7 - Operational transport window for a H*l beam 8
with x = 1, Py = 1.5 cm, Eo = 2 MeV and T = 5x10 ~ s.
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